Thermodynamic parameters have obtained in the present study by measuring the adsorption isotherms of bovine serum albumin (BSA: isoelectric point (iep) = 4.7), myoglobin (MGB: iep = 7.0) and lysozyme (LSZ: iep = 11.1) onto calcium hydroxyapatite (Hap) at different temperatures (15°C and 35°C) in an attempt to clarify the adsorption mechanism of such proteins. The adsorption affinity of proteins strongly depended on the Ca/P molar ratio of the Hap particles. In the case of BSA, the initial slopes of the adsorption isotherms increased remarkably with an increase in the Ca/P ratio. In contrast, the initial slopes of the adsorption isotherms for LSZ changed gradually with increasing Ca/P ratio. Finally, no Ca/P ratio dependence was observed in the MGB system.
INTRODUCTION
Since the space group of crystalline calcium hydroxyapatite [Ca 10 (PO 4 ) 6 (OH) 2 , Hap] is P6 3 /m and its unit cell parameters are a = b = 0.943 nm and c = 0.688 nm associated with two different binding sites (called C and P sites) on the particle surface (Kawasaki et al. 1985 (Kawasaki et al. , 1986a , it exhibits multiple-site binding characteristics towards proteins. When Hap particles are dispersed in an aqueous medium, calcium atoms (C sites) are exposed on the Hap surface by dissolution of OH − ions at the particle surface. Thus, the C sites are arranged in a rectangular manner on the ac or bc faces of the particle with the inter-site distance in the a or b directions being equal to 0.943 nm while the inter-site distance in the c direction is equal to 0.344 nm (c/2). The P sites are arranged hexagonally on the ab face of the particle at a minimum distance of 0.943 nm. The C sites are rich in calcium ions or positive charges and thus bind to the acidic groups of proteins. In contrast, the P sites lack calcium ions and an associated positive charge and hence bind to the basic groups of proteins.
In practice, it is well known that non-stoichiometric carbonated Hap is a major inorganic component of bones and teeth and possesses a high affinity for proteins. Hence, Hap is widely applied nowadays in high-performance liquid chromatograph systems for the separation of various proteins (Kawasaki 1991) . In this respect, many important studies have been reported to date (Kawasaki et al. 1986b; Tiselius et al. 1956; Thomann et al. 1989; Gorbunoff 1984; John and Schmidt 1984) . Indeed, the present authors have undertaken fundamental studies of the adsorptions of acidic BSA, neutral MGB and basic LSZ onto various kinds of synthetic Hap particles during the past decade (Kandori et al. 1992 (Kandori et al. , 1995a (Kandori et al. -c, 2000 (Kandori et al. , 2002 . These studies have shown that the amount of BSA adsorbed at saturation, , depends on the Ca/P molar ratio in the materials employed, with the value of increasing as the Ca/P ratio increased. This increase at high Ca/P ratios and a pH value of 6.0 was explained in terms of electrostatic attraction between the negatively charged BSA molecules and the less negatively charged Hap surface. However, in contrast, the amount of LSZ adsorbed on Hap particles at saturation ( ) decreased as the Ca/P ratio increased and approached zero at ca. Ca/P = 1.70 (Kandori et al. 2000) . No relationship with the Ca/P ratio was detected for the neutral protein MGB (Kandori et al. 2000) .
Our group has recently carried out kinetic studies of the dissolution and ion-exchange properties of synthetic Hap particles in the absence and presence of proteins at 15°C (Kandori et al. 2005) . In this study, we established that the adsorption of BSA onto Hap was governed by complexation of the Ca 2+ ions with the protein molecules (binding effect) together with the operation of the C sites. However, it was found that this binding effect was small since the fraction of dissolved Hap surface Ca 2+ ions was very low (1.2-3.2%). Furthermore, since the number of functional groups associated with the proteins studied was also generally small, the binding effect of counterions was only detected to a slight extent during the adsorption of LSZ even though all the systems contained dissolved divalent (Ca 2+ , Ba 2+ ) and trivalent (Al 3+ ) ions.
Although many investigations have been devoted to statistical and kinetic studies, only a few thermodynamic studies have been undertaken on protein adsorption systems Norde and Lyklema 1978 , 1979 Haynes 1995, 1996) , particularly for systems involving Hap (Moreno et al. 1984; Akazawa and Kobayashi 1996; Akazawa et al. 1996) . One way of elucidating the overall adsorption processes is to establish how various thermodynamic parameters such as the Gibbs free energy (∆G ads ), enthalpy (∆H ads ) and entropy (∆S ads ) change during adsorption. These thermodynamic parameters are helpful in discussing the protein adsorption behaviour in detail. Thus, the objective of the current study was to determine these parameters by measuring the adsorption isotherms for BSA, MGB and LSZ onto Hap at different temperatures, in the hope that the thermodynamic parameters thus obtained could contribute to a further understanding of the mechanism of the protein adsorption process. 
EXPERIMENTAL

Materials and methods
All proteins were purchased from the Sigma Co. (BSA: A-7030; MGB: M-0630; LSZ: L-6876). All other chemicals were purchased from Wako Pure Chemicals Ltd. and used without further purification. Table 1 lists the three kinds of rod-like Hap particles with different Ca/P atomic ratios but of a similar size investigated in this study. They were synthesized by ageing the precipitates obtained on mixing aqueous solutions of Ca(OH) 2 and H 3 PO 4 at 100°C for 48 h in Teflon vessels under CO 2 -free conditions, as reported in detail elsewhere (Kandori et al. 1992 (Kandori et al. , 1993 . The resulting particles were characterized by conventional X-ray diffraction (XRD) methods, simultaneous thermogravimetry and differential thermal analysis (TG-DTA), inductively coupled plasma atomic emission spectroscopy (ICP-AES), transmission electron microscope (TEM) and nitrogen adsorption measurements (Kandori et al. 1992 (Kandori et al. , 1993 . Prior to undertaking measurements, the samples were evacuated at 300°C for 2 h. The XRD measurements revealed that all the precipitated particles consisted of pure Hap. The mean particle size was obtained by measuring the length and diameter of 200 particles registered in each TEM micrograph. The adsorption isotherm of N 2 was measured at liquid nitrogen temperature using a computerized automatic volumetric apparatus built in-house. Prior to the nitrogen adsorption measurements, the samples were evacuated at 300°C for 2 h.
Protein adsorption measurements
Protein adsorption experiments were initially undertaken at 15°C employing a 1 × 10 −4 mol/dm 3 KCl solution of the protein maintained at a pH value of 6.0. However, to obtain the relevant thermodynamic parameters as described below, similar experiments were also undertaken at 35°C. In addition, in order to employ the Clausius-Clapeyron equation, adsorption isotherms were measured at low protein concentrations, i.e. at a concentration one-fifth of that reported in our previous studies (Kandori et al. 1992 (Kandori et al. , 1995a (Kandori et al. -c, 2000 (Kandori et al. , 2002 . Details of the method employed have been given elsewhere (Kandori et al. 1992 (Kandori et al. , 1993 . The amounts of adsorbed protein were obtained from measurements of the supernatant liquid obtained via UV absorption at a wavelength of 310 nm employing a microburette method after centrifuging the dispersions. Most UV measurements were undertaken in triplicate and were reproducible to within 2%, indicating an uncertainty of ca. 2 × 10 −2 mg/m 2 for the amounts of protein adsorbed. This error corresponds to the size of the symbols employed for the adsorption isotherms plotted in Figures 1-3. The zeta potential (zp) was also measured at each temperature using a PEN KEM 500 electrophoresis apparatus after re-dispersing a small amount of the centrifuged Hap particles in the corresponding supernatant solution at each temperature.
Adsorption model and thermodynamic treatment
The relevant adsorption isotherms were obtained from the corresponding plots of the amounts adsorbed per unit surface area of the adsorbent ([n], mol/cm 2 ) versus the equilibrium concentration of the adsorbate in solution ([protein] (mol/dm 3 )). It should be noted that such isotherms are independent of any adsorption model (Moreno et al. 1984) . However, as a consequence of the irreversible nature of protein adsorption, any thermodynamic analysis must be based on a direct determination of the enthalpy (∆H ads ) change which can only be obtained via microcalorimetric measurements. Many previous authors have used the Langmuir model to describe protein adsorption behaviour (Moreno et al. 1984; Akazawa and Kobayashi 1996; Akazawa et al. 1996) . A similar procedure has been adopted in the present work despite the irreversible nature of the protein adsorption process. However, flow microcalorimetric studies of the various systems described are also being undertaken at present by the authors.
On the basis of the Langmuir model, the experimental results should satisfy the expression:
(1) which can also be written as:
( 2) where n s is the maximum number of adsorption sites per unit surface area of Hap and the parameter K, which corresponds to the equilibrium constant for the adsorption process, reflects the affinity between the protein molecules and the adsorption sites on the Hap surface. With the concentration units employed in this work, K has the dimensions of dm 3 /mol. According to equation (2), the Langmuir plot of 1/n versus 1/[protein] should yields a straight line with the numerical values of K and n s being obtained from the slope and intercept of this line. However, in practice, these values were obtained from linear regressions of 1/n versus 1/[protein]. From the values of K obtained, it was possible to calculate ∆G ads from:
Similarly, the isosteric differential heat of protein adsorption (∆H ads ) was estimated by applying the Clausius-Clapeyron equation to the adsorption isotherms obtained at 15°C and 35°C. Here, we estimated ∆H ads by fitting the Clausius-Clapeyron equation at a coverage (θ) = 0.9 to the adsorption isotherms exhibiting lower amounts of adsorbed protein in each system. Finally, the value of ∆S ads was obtained by applying equation (4) Figures 1-3 show the adsorption isotherms of BSA, MGB and LSZ and their zeta potential (zp) values for Hap-1-3, respectively. To compare these adsorption isotherms with those reported in our previous studies, the quantities [n] and [protein] were plotted in mg/m 2 and mg/cm 3 units, respectively.
RESULTS AND DISCUSSION
Dependence of protein adsorption and zeta potential on the molar Ca/P ratio of Hap
Clearly, the adsorption affinities of the proteins depended strongly on the Ca/P molar ratio of the Hap particles. With BSA, the initial slope of the adsorption isotherms increased considerably as the Ca/P ratio increased. This result suggests that, for Haps with high Ca/P ratios, electrostatic attractive forces act between the negatively charged BSA molecules and the less negatively charged Haps, thereby supporting the findings previously reported by ourselves (Kandori et al. 1992 (Kandori et al. , 1995a (Kandori et al. -c, 2000 (Kandori et al. , 2002 . Adsorption of negatively charged BSA molecules in this system led to increasingly negative values of zp. In contrast, the adsorption of positively charged LSZ led to the opposite result ( Figure 3 ); in this case, the initial slope of the adsorption isotherm changed to one showing a gradual increase with increasing Ca/P ratio while the negative zp value became positive on adsorption of the positively charged protein molecules. No dependence on the Ca/P ratio was observed for the MGB system ( Figure 2 ). Furthermore, this system exhibited an almost constant value of zp for each type of Hap particle. All the results depicted in Figures 1-3 may be explained in terms of electrostatic interaction between the various protein molecules and types of Hap. 
Temperature dependence of protein adsorption
The amounts of adsorbed BSA at 35°C were higher than those at 15°C, indicating that the adsorption process was endothermic and led to a reduction in the entropy of the adsorbate. However, adsorption is generally an exothermic process as shown by LSZ and MGB, where greater adsorption of the corresponding protein molecules was observed at 15°C than at 35°C. Thus, to explain the anomalous results obtained for the BSA system, it was necessary to determine the thermodynamic parameters for the various systems studied employing the type of analysis described above in the experimental section. As an example of such analysis, Figure 4 displays the Langmuir plots for the adsorption of the various proteins studied onto Hap-3 as obtained by the application of equation (2). Generally, good linear relationships may be observed for all the protein systems although there is some scatter in the data for LSZ. The values of the thermodynamic parameters obtained from an analysis of the adsorption data for the various proteins studied are summarized in Table 2 and are plotted as a function of the Ca/P ratios for the various Haps in Figure 5 . It will be seen that for BSA the negative values of ∆G ads increased from -34.0 to -36.1 kJ/mol with increasing Ca/P ratio whereas the corresponding values for LSZ decreased (from -37.9 to -30.8 kJ/mol). In contrast, the dependence between ∆G ads and the Ca/P ratio was much smaller in the MGB system [ Figure 5(a) ]. This result again strongly supports the view that the dominant factor in the adsorption of the various proteins onto the Haps was electrostatic attraction as advanced above. Since the adsorption isotherms for LSZ onto the various Haps rose steeply at very low concentrations, it was only possible to obtain the value of ∆H ads for the Hap-3 system (∆H ads = −59.4 kJ/mol). Despite the absence of other corresponding data, such a negative value for ∆H ads would be expected for electrostatic attraction between LSZ and Hap. The ∆H ads values for the MGB system also suggest that adsorption of this protein occurred via an exothermic process, despite the fact that their negative values were smaller in this case (−14.7 to −21.7 kJ/mol) [see Figure 5 The values of ∆H ads quoted in the literature for the adsorption of LSZ, MGB and α-lactalbumin onto negatively charged polystyrene latex particles at θ = 0.9 and pH 7 are ca. −100, −400 and −100 kJ/mol, respectively (Norde and Lyklema 1990) . Similarly, the values obtained for 798 K. Kandori et al./Adsorption Science & Technology Vol. 23 No. adsorption onto positively charged polystyrene latex particles at θ = 0.9 and pH 7 were ca. −200, −200 (at θ = 0.7) and 100 kJ/mol, respectively (Norde and Lyklema 1990) . The corresponding values obtained in adsorption onto negatively charged hematite (α-Fe 2 O 3 ) were ca. −400, −400 and 40 kJ/mol while the ∆H ads values for the adsorption of protein-rich anionic salivary phosphoproteins onto Hap at θ = 0.5 were 4.6-17.5 kJ/mol (Moreno et al. 1984) . The ∆H ads values for the adsorption of BSA and LSZ onto Hap prepared from cattle bones by the wet synthesis method have been reported as 50-60 kJ/mol and 10-25 kJ/mol, respectively (Akazawa and Kobayashi 1996; Akazawa et al. 1996) .
All these various values indicate that the thermodynamic parameters obtained in the present study agree well with those quoted in the literature, with the exception of the positive ∆H ads value for the adsorption of LSZ onto Hap derived from cattle bones. However, the latter values are questionable because no data was supplied in the literature which allowed an analysis of the ∆H ads value.
To further discuss the adsorption behaviour of proteins onto Hap, we have also compared the corresponding ∆S ads values as a function of the Ca/P ratio [see Figure 5 (c)]. It is clear from the data depicted in this figure that the ∆S ads value for LSZ was negative whilst those for BSA and MGB were positive, especially for BSA. These positive ∆S ads values indicate that the adsorption processes of BSA and MGB were driven by an increase in entropy, ∆S ads > 0. The structural stabilities of BSA and MGB are smaller than that of LSZ, since they are well known as so-called "soft" proteins (Norde and Lyklema 1990; Arai and Norde 1990) . Hence, it can be concluded that when BSA and MGB adsorb onto Hap surfaces such adsorption is accompanied a structural rearrangement. Since the value of ∆S ads was larger in the BSA system relative to the MGB system, the tendency of BSA molecules to undergo structural rearrangement on adsorption would be greater. Furthermore, the values of ∆H ads recorded for the BSA system increased as the Ca/P molar ratios of the Haps decreased. This indicates that the electrostatic attractive forces involved in the adsorption of BSA were less than those for the MGB system (particularly at lower Ca/P ratios), indicating a greater propensity for structural rearrangement. In fact, as mentioned above, no relationship whatsoever was observed between ∆S ads and the Ca/P ratio in the adsorption of neutral MGB molecules. Kleijn and Norde (1995) reported that a 20% reduction in the α-helix content of human serum albumin (HSA) led to an increase in the conformational entropy change of HSA [876 J/(K mol)] corresponding to decrease of 252 kJ/mol in the value of ∆G ads at 15°C. This estimated value of ∆G ads is roughly comparable with the experimental results obtained for the BSA system in the current study. In contrast, the ∆S ads value for the LSZ system was negative due to the higher structural stability of this molecule and its smaller tendency to undergo change during its adsorption onto Hap. The large difference in the values of ∆S ads between BSA and MGB may be attributed to the difference in the molecular masses of these proteins (BSA: 67 200 Da; MGB: 17 800 Da).
CONCLUSIONS
Thermodynamic parameters were obtained in the present study by measuring the adsorption isotherms for BSA, MGB and LSZ onto Hap at two different temperatures. The following conclusions may be drawn from the data obtained:
1.
A strong dependence was observed between protein adsorption and the Ca/P molar ratio of Hap particles. This strong dependence was explained in terms of electrostatic interaction between the protein and Hap.
2.
The value of ∆G ads obtained supported the strong dependence of protein adsorption on the Ca/P molar ratio.
3.
The adsorptions of LSZ and MGB onto Hap were exothermic, suggesting that such processes were driven by an electrostatic attractive force. In contrast, a large positive ∆H ads value was observed in the adsorption of BSA onto Hap corresponding to an endothermic process. 4.
The ∆S ads value of LSZ was negative while those for BSA and MGB were positive, especially for the former. These positive ∆S ads values indicated that the adsorption processes for "soft" proteins such as BSA and MGB are driven by the entropy change, i.e. adsorption of such proteins onto the Hap surface is accompanied by structural rearrangement.
